The effect of electro-slag re-melting (ESR) parameters on the structural integrity of nominally (33-35) inch (838-890 mm) diameter ingot in alloy 718 was studied. Chiefly, the melt rate was varied between 50 % and 130 % relative to a baseline. The corresponding melt pool profiles were tracked, and associated macro-and micro-segregation patterns were investigated. Their implications for the structural soundness of the ingot during subsequent processing are discussed.
Introduction
The drive for increased operating efficiency of utility gas turbines has resulted in the need for larger, yet structurally sound and chemically homogeneous ingots for forging stock in Nibase disk superalloys such as alloy 718 [1] .
One important process step in the production of these large ingots is electro-slag re-melting (ESR) of primary feedstock into feedstock for the final melting operation, vacuum arc remelting (VAR). The structural soundness of this intermediate ESR ingot directly affects its resistance against cracking due to thermal stress in the course of VAR itself, or due to mechanical stress during any intermediate forging operations prior to VAR. It is worth noting that these large-diameter ingots, which weigh roughly 14 tons (30,000 lbs.), would typically result in only one or two finished parts. Thus, any re-melt anomalies during final VAR caused by poor electrode quality will result in major yield losses.
Experiment
A systematic study of ESR melting parameters, chiefly melt rate, was undertaken for ingot sizes ranging in diameter from 33" to 35". Standard start-up and extended hot topping practices were employed.
The initial vacuum induction-melted (VIM) electrode was in all instances nominally 31 inch (787 mm) in diameter, melted to a com-positional aim typical of alloy 718 1 for large power generation gas turbine rotors. Most prominently, this concerned a niobium content of about 5.0 % by mass, the latter being markedly below aerospace grade requirements, and a carbon content of 0.01%.
The study consisted of experiments at two different SMC facilities. The first set, executed at the New Hartford (NH) facility, involved the manufacture of a 33 inch (838 mm) diameter by 132 inch (3353 mm) long ESR ingot melted at four different melt main rates. The four melt rates were selected to straddle a common melt rate for this ingot size and application. The aim melt rate being referred to as 100 %, the other three melt rates were 63 %, 77 %, and 130 % relative to that aim. The melt program transitioned the melt rates between each step over roughly 1,000 lbs. (460 kg) of melting. The furnaces employed use a PI-based current control to set and hold the desired melt rate.
The progression of the melt pool was marked at certain intervals by simultaneously emptying two 750-ml beakers filled with nickel balls into the melt. The beakers were positioned 180 degrees apart on either side of the crucible. The nickel balls disrupt the local solidification front and, thus, delineate the pool contour. Once the melt was completed, the entire ingot was sectioned longitudinally. This allowed the local ingot structure to be correlated with then-existent melt parameters. The slices were conditioned, and sequentially etched with both a mixture of hydrochloric acid / hydrogen peroxide and Canada's etch to reveal the mac-1 A typical composition (in mass%) is 0.01C, 18.8Fe, 18.0Cr, 3.0Mo, 0.5Al, 0.9Ti, 5.0Nb, bal. Ni rostructure and any segregation patterns, respectively.
Based on the outcome of the New Hartford experiment, an even lower main step melt rate of 50 % was selected for two full-scale 35" (890 mm) trials at the Huntington (HU) facility. In addition, a third VIM electrode was remelted at the 77 % melt rate in order to verify reproducibility of some of the findings at the New Hartford facility. Remarkably, the ingot surface quality was acceptable for even the lowest melt rate.
All Huntington ESR ingots were subsequently forged back to nominally 27 inch (686 mm) diameter rods after having received special post-ESR heat treatments. Head (top) and toe (bottom) crops were taken at this stage, from which longitudinal slices were obtained for the examination of macro-and microstructure.
The two forged-back ingots re-melted at the low rate of 50 % required only standard crops to reach sound material. In contrast, the ingot re-melted at the 77 % melt rate exhibited massive centerline bursts as verified by ultrasonic testing. These bursts extended from the ingot head all the way back to within roughly one diameter up from the ingot toe.
Results
The actual melt rate data is shown in Fig. 1 . The melting at the lower melt rates went smoothly. At the higher melt rates, there were indications of electrode cracking manifesting themselves in a sharp rise and drops in the melt rate. The macro-etch results demonstrate that none of the melt rates in the chosen range produced a macro-segregation-free product. The appearance of the macro-segregation changed from vertical freckle columns at and near the centerline to freckle bands that followed the pool contour as the melt rate increased. The major crack discernable in the bottom slice of the 130 % melt rate samples is indicative of the poor fracture toughness of the material at this stage.
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Macro-photographs of the billet head slices that resulted from the full-scale 77 % and 50 % melt rate trials in Huntington are shown in Fig. 3 . The 77 % melt rate material exhibited massive vertical freckle channels similar to those experienced in the New Hartford trial at nominally the same melt rate. These massive channels presumably caused the ingot to crack during forge-back. Notice that the vertical freckle channels are present even at the lowest melt rate of 50 %, however, to a much lesser extent. These rather isolated freckles were in many instances associated with micro-cracks. None of the toe (bottom) billet slices exhibited any freckles.
The pool profiles as delineated by the nickel balls in Figs. 2 displayed the expected transition from a shallow bowl-shaped pool (for relatively low melt rates) to the classical "V"-shaped pool (at high melt rates). The pool pertaining to the baseline 100 % melt rate was rather unusual in that it was very deep and "U" The height of the liquid metal head (the distance between the pool surface and the first frozen metal on the side adjacent to the crucible wall) was neglected in these measurements.
In addition to the pool depth measurements, the chemical composition was probed at center, mid-radius, and edge locations roughly following the local pool contour. Both the xray fluorescence and ICP method were employed for the analyses. The respective areas sampled were of the order of 10 x 10 mm 2 and greater, and, thus, contained numerous solidification dendrites.
Hence, the chemical compositions quoted in Table 1 may be considered bulk compositions.
Only elements that exhibited a significant variation were included in this table. For some combinations of melt rate and ingot height, the ESR ingot center was found to be significantly enriched in niobium. These combinations are highlighted in Table 1 . The corresponding differential in Nb between center and edge is plotted in Fig. 5 . The results obtained from the independent NH and HU 77 % melt rate trials match remarkably well. The result from the NH 130% melt rate segment was initially questioned, however, repetitive measurements on a total of six centerline or near-centerline samples confirmed the original findings.
Examination of the microstructure corresponding to the freckled regions depicted in bottom Fig. 3 revealed the presence of clusters of large, blocky precipitates that were found to be rich in niobium and molybdenum, and pre-sumed to be Laves phase (Fig. 6 ). These clusters were in many cases micro-cracked. Fig. 6 : Close-up of a freckle and associated micro-cracks in forged-back alloy 718 ESR ingot, re-melted at the lowest melt rate of 50 %. A blocky phase (presumed to be Laves), and an acicular phase (presumed to be delta phase) are discernable. Back-scattered electron image.
It is noted that the bulk of the delta needles / plates formed during slow cool-down from the forge-back temperature.
The examination of the heavy freckle channels apparent in the top Fig. 3 was compounded by oxidation. The second phase(s) observed on either crack surface looked heavily disintegrated, and were found to be rich in Nb, Mo, Cr, and Ti relative to the matrix. A mix of Laves phase, delta, and primary carbides (recalling the local carbon content of 0.024 %) seems likely in these channels in accordance with literature [2] .
Clusters of similar appearance were also observed to exist in the material after reannealing at the forging temperature, and even after a post-forge standard 2-step homogenization treatment.
Simulating the scenario of one of the heaviest cases of enrichment in Nb measured by means of the CALPHAD software Thermo-Calc [3] suggested the presence of essentially singlephase austenite only (the dot in Fig. 7) in thermodynamic equilibrium at 1182 o C (2150 o F).
Hence, sufficient exposure to this temperature should dissolve all Laves / delta. This, however, was not found to be the case even after extended laboratory heat treatments (288 hours) beyond any practical limits. This indicates that ESR alloy 718 ingots are likely to contain residual Laves phase during all subsequent stages of processing.
DISCUSSION
All of the above findings consistently point at the freckle formation propensity of alloy 718 during ESR, be it in smaller diameters for aerospace-grade [4] , or comparatively larger diameters for grades reduced in niobium as employed in this study. The very sluggishness of reaching thermodynamic equilibrium, once macro-segregation of niobium is present, is also apparent.
Nevertheless, a process window was identified that sufficiently suppressed the occurrence of freckles, thus allowing an acceptable feedstock for the final melt conversion step to be made. Indeed, it is noted that the surface quality of the two low-melt rate (50 %) ESR ingots was markedly better than anticipated, and that both pieces resulted in stable VAR traces. This, in turn, produced chemically homogeneous and structurally sound 30 inch (760 mm) diameter triple-melted ingots.
The above emphasis is placed on "sufficiently" suppressing freckles since not a single melt condition could be identified that eliminated these defects entirely. Hence, it appears that it is not so much the presence or absence of freckles, but their extent and dispersion that control further process capability of the ESR ingot.
ingot. The observed constitution of the freckles, i.e., a blend of Laves, delta, and carbides, is in line with literature on alloy 718 [3] . liquid + Laves
+ delta
Another noteworthy finding of this study concerns the extent of macro-segregation of niobium encountered at certain re-melting conditions (see Table 1 ). This pronounced center segregation of Nb in ESR alloy 718 may be discussed in the context of melt pool dynamics.
The shallow, bowl-shaped pools generated by relatively low melt rates were found to be associated with a significant enrichment of the ingot center with niobium, and predominantly vertical freckle channels. Clearly, as indicated by the straight lines in Fig. 5 ., no true steadystate melt pool was attained after re-melting several ingot diameters worth of metal. It is speculated that a fairly quiescent pool existed under these conditions, which was conducive to gravity-driven settlement of the higherdensity (Nb-rich) interdendritic liquid at the bottom of the pool.
At relatively high melt rates, a highly turbulent pool may have existed that resulted in good stirring -hence the insignificant compositional differences between center and edge. The qualitatively different pool shape and orientation of the freckle channels seem to support this conjecture. Presently, it is not known what might have triggered this switch in modes.
Summary
1. The effect of melt conditions, chiefly melt rate, on the structural integrity of nominally (33-35) inch (838-890 mm) diameter ESR alloy 718 ingot was investigated.
2. At relatively low melt rates, the melt pools were shallow and bowl-shaped, and associated with predominantly vertical freckle channels. A significant enrichment of niobium at the bottom of the pool, which increased as the pool gradually deepened, was measured under these conditions.
3. At the highest melt rate, the melt pool was found to be quite deep and V-shaped as expected, but was not accompanied by an enrichment in niobium. At the same time, the freckle channels reoriented themselves, following the pool contour.
4. None of the melt rates studied resulted in macro-segregation-free, i.e., freckle-free, ingot. Even excessive high-temperature anneals were found to be ineffective in solutioning these defects.
5. Nevertheless, melt conditions were identified under which the ingot exhibited sufficient ductility and could, thus, be processed further into sound triple-melted 30 inch (760 mm) diameter VIM + ESR + VAR product.
